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Abstract 
The reflective surface profile of a heliostat dictates the flux distribution at the receiver aperture. Reducing size of a heliostat 
image has been shown to result in performance benefits; however, reducing image area is nontrivial. Aberrations result in image 
spread of which the dominant aberration is astigmatism. This study investigates the effect of profile variation, in the form of the 
facets profiles and canting strategy, on astigmatism. In this work an analytical investigation into heliostat imaging is conducted 
using the Igel and Hughes approach which is incorporated into the HFCAL model to allow annual intercept calculations. The 
model presents an inexpensive analytical alternative to the existing ray tracing models. The main conclusions are that through the 
selection of appropriate canting strategies and facet profiles astigmatism can be reduced. The extent to which astigmatic 
correction is possible with static profiles are dependent on the variation of the incidence angle and the optical alignment angle. 
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1. Introduction 
The heliostat field is the single largest capital investment in a Central Receiver System (CRS) and is perceived as 
the area of greatest potential for a reduction in Levelised Cost of Electricity (LCOE) among capital equipment costs 
[1]. In order to reduce the LCOE and ensure the economic viability of the CRS technology, there exists a significant 
drive to reduce heliostat cost and improve optical performance [2]. 
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The fraction of the reflected irradiation from a heliostat, which intercepts the receiver aperture, is known as the 
intercept factor. The intercept factor and incidence cosine are the most important factors of the optical efficiency of 
a heliostat [3]. The variation of the incidence cosine is dependent on heliostat field layout, whilst the intercept factor 
is dependent on the image cast by the heliostat or heliostat beam quality. 
In order to maximize the intercept factor, it is desired that the heliostat image area be reduced to within the 
projected receiver aperture. It is well known that reduced image area is advantageous [2-6], and potential benefits 
include: the ability to increase flux densities, obtain higher receiver temperatures, reduce the required aperture area, 
a reduction in spillage losses, a reduction in the number of heliostats required and increased variability in the 
cumulative flux distribution through aim point strategies. 
Reducing image area is nontrivial and numerous optical aberrations result in image enlargement. Astigmatism is 
the dominant aberration [7] and is known to have a major influence on the optical efficiency of a heliostat field 
[6,8]. Present at off axis imaging, astigmatic aberration is dependent on the incidence angle, alignment angle, focal 
ratio and the reflective surface profile. 
The reflective surface profile of a heliostat is made up of both the profile of the individual facets as well as the 
chosen canting mechanism. Selecting appropriate facet profiles and canting strategies result in a reduction in 
astigmatism, improved imaging and intercept factors [7]. 
For manufacturing purposes customized facets are impractical, rather few mass manufactured facets reduce cost. 
A new approach to reduce cost has been described by Abengoa Solar where a mirror facet is produced without the 
required precision and precision adjustment of the profile is done subsequently [9]. An optimal profile that the facet 
is adjusted to may be a cost free improvement to the optical performance. The Sandia Power Tower Technology 
Roadmap and Cost Reduction Plan also highlighted heliostat facet optimization as one of twelve technology 
improvement opportunities regarding the heliostat field [2]. 
Canting is the alignment of the facets on the common support frame. Canting strategies are known to have a 
significant effect on the optical performance, above that of the facet profile [2]. Studies have investigated canting 
strategies [4,5,10,11],.but most recently Buck and Teufel [8] compared and optimized known canting strategies. The 
study suggests that improved canting strategies can increase heliostat optical performance. Facets have to be aligned 
accurately regardless of the alignment strategy [8] and thus an optimized choice of canting strategy may be a cost 
free improvement to the optical performance. 
 
Nomenclature 
I  incidence angle
 
I  incidence angle during canting 
βs subtending angle of the sun (9.3mrad) W  optical alignment angle \  toroid pre-alignment angle 
 στ standard deviation of the optical alignment angle  T  misalignment angle 
Ai image area 
D diameter of heliostat 
D  diameter of facet 
d slant range 
h image height 
rs radius of curvature in the sagittal plane 
rt radius of curvature in the tangential plane 
rψ
, 
 radius of curvature of the toroid in the conjugate axis 
rψ+90  radius of curvature of the toroid in the transverse axis 
w image width 
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This paper revisits analytical investigation of astigmatism by Igel and Hughes and applies it to analytically 
determine the influence of facet profile and canting strategy on heliostat field performance. This study reinvestigates 
the work done by Buck and Teufel but instead of using a ray tracing approach, an analytical flux density model is 
used. The work offers a computationally inexpensive, analytical alternative to the Buck and Teufel model which 
requires up to 10Mio rays per iteration. Factors that affect the performance of heliostat facet profiles and canting 
strategies are also discussed. 
2. Igel and Hughes Approach 
The Igel and Hughes paper [7] on the optical analysis of heliostats is perhaps the single most referenced paper for 
an analytical approach to astigmatic aberration. The study describes the boundaries of the resulting flux image and 
the same analytical approach is followed here. Terminology in this paper is sourced from Igel and Hughes and the 
reader is referred to [7] for supportive mathematics. Geometric parameters are illustrated in Figure 1. 
 
Fig. 1. Geometry illustrating parameters 
 
Quantifying the image characteristics of the heliostat profile is an inherently complex problem that cannot be 
fully dealt with analytically. In order for an analytical analysis to be made possible, simplifying assumptions must 
be made. 
The first simplification assumes a circular heliostat aperture. The approach assumes that the boundaries of the 
flux image will be created by the edges of the circular profile, and the remainder of the flux will fall within this area. 
The assumption reduces the problem to only four points to be analyzed; these are the opposing points on the edges 
of the circular profile, in the tangential and sagittal planes. The optics of these points are solved using the 
Coddington equations [12] which result in the height, h, and width, w, of the image. 
The resulting image is ellipsoidal where h and w are the transverse and conjugate diameters. The image area is 
given by 4/ShwAi  . 
Both the ideal image height and width is given by βsd, where βs is the subtending angle of the sun (9.3mrad), and 
d is the slant range of the heliostat. A flux density ratio (FDR) is defined and used as a performance measure, given 
by the percentage of the average flux density relative to the ideal, βsd/Ai. 
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3. Image Dimensioning 
Using the Coddington equations [12], it can be shown that the image height and width in the tangential and 
sagittal planes respectively are a function of the radii of curvature in the tangential and sagittal planes for both the 
canting strategy and facet profile 
dd
r
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where I is the incidence angle, D and D are the heliostat and facet diameters respectively and r the radii of 
curvatures in respective planes. For the remainder of this section a single facet profile is considered and multifaceted 
heliostats are discussed later.  
  
A flat profiled facet has rt,s,facet = ∞ creating an image size equal to the normal projection increased by 9.3mrad of 
sun-spread [13]. The image dimensions are solely dependent on the incidence angle, I, and the focal ratio, Fr, 
defined as d/D. 
d
F
dwh s
r
EI   cos    (3) 
The single variable parameter that can be adjusted to reduce image area is Fr. Reducing Fr reduces image 
dimensions; however, it is impractical to produce small heliostats. The range of Fr 's are dependent on the heliostat 
dimensions and field layout. Typical focal ratios are given in Table 1 for the H16 and ATS150 heliostats, detailed in 
[8], in two plant configurations calculated from field size estimations by [14]. 
     Table 1. Typical Fr ranges for heliostats and their facets 
Field Type H16 (16m2) ATS150 (148m2) 
Large Surround Field (500MWth) 62-304 20-97 
Small North Field (100MWth) 47-263 15-84 
 
In order to place these figures in perspective, the FDR was calculated for various focal ratios, multiplied by the 
cosine factor and is plotted in Figure 2a. The top curve represents the ideal aberration free profile. The image size is 
reduced and flux density increased as this curve is approached, illustrating the desire for high Fr's. It is immediately 
obvious that flat profiles at low focal ratios cast very large images. 
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(a)                                                                            (b) 
Fig. 2. Flux density as a function of incidence angle for (a) flat, spherical and (b) aligned toroidal profiles at various Fr’s 
Heliostat imaging can be improved by introducing curvature into the reflective profile. Concave profiles coalesce 
the reflected rays at the target, reducing the image size and increasing flux density. The concave shape that is 
utilised in optical concentration is the parabola [15]. A paraboloid has the property that light parallel to the axis of 
symmetry can be secularly reflected to a single focal point from any point on the paraboloid. 
The vertex of a paraboloid at high Fr's approximates a sphere, and spherical profiles or on-axis canting is the 
industry standard. Here the radii of curvature are given by d/2 resulting in the image dimensions, again solely 
dependent on I and Fr. 
d
F
dwh s
r
EI   )2/(sin2
2
   (4) 
The product of the FDR and the cosine factor for a spherical profile was calculated and is plotted in Figure 2a. A 
significant improvement from the flat profile is observed for low incidence angels, and perfect optics is observed at 
zero I. At increased I  the spherical profile distorts the image resulting in reduced FDR's. This distortion is due to 
astigmatic aberration and is responsible for the increased image area and reduced flux densities [5]. 
It is important to grasp that a heliostat experiences a range of incidence angles throughout the day. In practice, zero 
incidence angles is not of interest since the heliostat will be shaded by the target, and very high incidence angles are 
only approached by certain heliostats at dawn or dusk. The ranges of practical incidence angles are dependent on the 
position of the heliostat in the field and the sun position. The average yearly incidence angles at Olyfenhoutsdrif, are 
plotted in Figure 3a. Since average incidence angles range from approximately 15q upwards to as high as 60q for a 
surround field, increasing the FDR at higher incidence angles are advantageous. 
For a heliostat to obtain the ideal image at non-zero incidence angle, the heliostat profile must again form part of 
a paraboloidal surface. However, the profile cannot lie at the vertex of the paraboloid; rather it must be situated on 
the side wall of the paraboloid at an angle twice the incidence angle from the focal point. 
The theoretical ideal profile is extremely complex to reproduce mathematically since the curvature changes along 
both axes, at a rate dependent on where the surface is located on the paraboloid. 
Brueggemann [16] calculated the radii of curvature in the tangential and sagittal planes at a point on a paraboloid 
side wall. By substituting the location on the paraboloid, the resulting orthogonal radii of curvature of the profile can 
be found. 
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(a)                                                                            (b) 
Fig.3. (a) Linear average of hourly incidence angles and (b) standard deviation of W (deg), 
for a Azimuth Zenith (AZ) tracking heliostat field in 2012 at Olyfenhoutsdrif. 
The focal length of a toroid varies according to the incidence angle. Since the profile of the heliostat is fixed, a 
certain incidence angle must be chosen at which the profile performs optimally, represented here as I . Assuming 
the axis of the toroid remains in the tangential and sagittal planes, the dimensionless ratios can be calculated from 
the Coddington equations and are dependent on Fr, I  and I .. 
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The product of the cosine factor and FDR are again plotted against I for various focal ratios in Figure 2b. I is 
set at 30q. The toroidal profile shows a performance improvement above that of the spherical profile over a large 
range of more practical incidence angles, with the exception of poorer performance at low incidence angels. 
The toroidal nature of the profile dictates that the profile can no longer be assumed to be axisymmetric, and the 
orientation of the profile relative to the operational plane must be taken into account. The optical alignment angle, W, 
can be defined as the angle between the axis of the heliostat and the operational plane, as depicted in Figure 1. 
Similarly the toroid pre-alignment angle,\, is defined as the angle between the major axis of symmetry of the 
toroidal profile and the operational plane.  
The variation of W is dependent on the tracking mechanism chosen. TA tracking orients the reflective surface to 
ensure that W remains zero, and setting \ equal to zero ensures the toroid is always aligned as in Figure 2b. This is 
not the case for azimuth zenith (AZ) and fixed horizontal Axis (FHA) tracking where W varies during tracking. The 
absolute misalignment between W and \ is given by the toroidal misalignment angle, T= |\-W |.The operational radii 
of curvature in the tangential and sagittal planes were solved for at a specified misalignment angle, T. 
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Since the radii of curvature vary from the ideal, some defocusing occurs at misalignment. Since the toroidal pre-
alignment angle, \, is constant, the variation of the optical alignment angle, W, is of interest in order to quantify the 
defocusing. The standard deviation, σW, of W for an AZ tracking field is plotted in Figure 3b. The toroidal profile is 
symmetric, and assuming \ is equal to the average of W distributed normally, then by definition, the profile will be 
aligned to within the standard deviation 68.2% of the time. The standard deviation, σW, is below 20q for a substantial 
section of the southern section of the field and only increases above 25q in the easterly and westerly fans as well as 
the northern section. In contrast standard deviation, σW, of W for a FHA tracking field is plotted with the same axis in 
Figure 4a. Here σW, is relatively constant below 30q. 
In order to quantify the optical influence of the misalignment, the product of the cosine factor and FDR are 
plotted against I for various misalignment angles in Figure 4b. At 0q misalignment, the facet is aligned and results 
in the same shape as that of an aligned toroid given in Figure 2b. As the mirror is misaligned, the ideal focal ratios 
are shortened in the tangential and lengthened in the sagittal planes resulting in image spread. The change in radii of 
curvature causes the optimum performance to shift to a lower incidence angle.  For small angles this effect is not 
pronounced, as seen for 10q and 20q, indicating that a toroid is insensitive to small misalignment up to 20q. At 45q 
the performance is reduced to that of a spherical profile and continues to decreases to a minimum at 90q. 
Since the standard deviation of the misalignment (Figure 3b) is relatively low, below 20q for a substantial part of 
the field, the toroidal profiles perform as expected, and misalignment does not significantly affect optical 
performance. 
 
(a)                                                                                                                (b) 
Fig. 4. (a) Standard deviation of W (deg),for a FHA tracking heliostat field in 2012 at Olyfenhoutsdrif 
 (b) Flux density as a function of incidence angle for a toroidal profile at various misalignment angles T (Fr=100,I =30). 
Having understood the imaging of flat, spherical and toroidal profiles facet profiling and canting strategies can be 
investigated. The optics remains unchanged and different profiles and canting strategies are merely specific cases of 
the profiles defined previously. Equations 1 and 2 can be used to evaluate imaging from a multifaceted heliostat. 
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4. Heliostat Field Performance Increases Trough Facet Profiling and Canting 
The potential for correction of astigmatism is greatest with low Fr’s typically larger heliostats close to the 
receiver. As I moves away from I and as T increases, astigmatic aberrations increase. The greatest potential for the 
correction is thus possible for a heliostat where I is stable and T  remains low. 
4.1. AIPWI 
Jones et al. [4] suggested the Annual Incident Power Weighted Intercept (AIPWI) as the figure of merit to 
determine the performance of canting strategies. AIPWI is defined as the annual amount of solar radiation that 
intercepts the defined receiver aperture divided by the annual amount of radiation that arrives at the receiver and 
thus only considers spillage losses. AIPWI does not measure heliostat performance, but rather how well it performs 
at a specific spot where it has been placed. 
In order to evaluate AIPWI for a given profile the HFCAL model was adapted to use the image dimensions in 
order to determine a statistical estimation of the flux density distribution at the receiver aperture. The working of the 
model is not given here but the reader is referred to [3,17] for further reading.  
The results below assume the specifications of the H16 heliostat and minitower system as described by [8] unless 
otherwise indicated. 
4.2. Facet Profiling 
Facet profiling can be thought of as the building blocks which collectively create the surface. The better the 
facets can approximate the desired profile, the better the image. Figure 5a shows the annual performance of a 
heliostat with various facet profiles at varying facet sizes. The flat facet performs worst creating astigmatism even 
using small facets. The spherical facet shows a slight decrease in AIPWI and can be explained by the fact that the 
profile tends toward the spherical as the facet size increases. The facet curvature corresponds to that of the canting 
and thus approximates the cumulative profile well. The toroid matches the canting and shows almost no change.  
 
   
(a)                                                                            (b) 
Fig.5. (a) AIPWI for flat, spherical and toroidal facets of varying size (H16, off-axis canted)  
(b) Average AIPWI for various number of facet focal lengths 
As stated previously, it is not cost effective to customize facets. Facets are mass produced and a set number of 
profiles must be selected whilst still maintaining the required optical performance. The effect of the number of facet 
profiles on the average heliostat field AIPWI is shown in Figure 5b. Spherical facet profiles were selected and focal 
lengths selected in a set number of intervals. At low number of profiles astigmatism is present in closer and furthest 
134   W. Landman and P. Gauché /  Energy Procedia  49 ( 2014 )  126 – 135 
heliostats; however, as the number of profiles increase the facets AIPWI levels out. This suggests that only a set 
number of facet profiles are required for any field. 
4.3. Canting Mechanism 
On axis canting is the ideal alignment of the facets when the heliostat, receiver and sun are collinear. This canting 
strategy approximates a spherical profile. The HFCAL model did confirm the trend of reduced AIPWI at increased 
slant ranges but overestimated AIPWI for both directly south (T=90) and westernly (T=30) placement. Discrepancies 
were expected and the HFCAL is known to result in inaccuracies up to 10% [3] at increased incidence angles. 
 
 
Fig.6. AIPWI for on-axis canting using two ray tracers and the analytical model, for different tower height multiples from the tower (as per [8]) 
Off-axis canting is the ideal alignment of the facets for the sun vector at a given point in time. The time at which 
the canting occurs determines I and \, thus effecting the optical performance. The analytical model was used to 
determine AIPWI for different canting times during the year. The model correlates with ray traced simulations. 
 
Fig. 7. Off-axis canting: variation of the time and date on canting (a) Buck and Teufel [8] (b) Noone [18] 
(c) Analytical model by author (small plant, R=0.25, directly south of tower) 
5. Conclusions 
Astigmatic aberration was investigated analytically using the Igel and Hughes approach of estimating image 
dimensions according to radii of curvature in the tangential and sagittal planes. The knowledge of the image 
dimensions were incorporated into the HFCAL model, in order to model canting strategies and act as an inexpensive 
analytical alternative to ray tracing methods [8,18]. Several findings from the study are motioned here. 
(a) (b) (c)
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It can be concluded that astigmatic aberration can be reduced by increasing the focal ratio, or using smaller 
heliostats at a greater slant range; however, varying the focal ratio is impractical. 
For both flat and spherical profiles the aberration is solely dependent on the incidence angle. A toroid is used to 
reduce astigmatism in a practical range of incidence angles, however, a toroid is not axisymmetric and misalignment 
of the toroid results in astigmatism.  
Increasing facet size show little effect on AIPWI provided the focal length or curvature correlate to that of the 
canting strategy. Increasing the number of focal lengths with which the facets are manufactured was found to 
increase AIPWI up to a certain point after which AIPWI was unaffected. 
The model replicated trends in AIPWI performance by Buck and Teufel [8] but overestimated AIPWI with as 
much as 10%. The model was also used to determine optimum time for off-axis canting and reproduced all features 
of the results. The model allows for an inexpensive, analytical alternative to ray tracing approaches to the 
investigation of canting strategies. 
To conclude selecting appropriate facet profiles and canting strategies reduces astigmatic aberration and increases 
performance. The scope for the correction of astigmatic aberration through a static profile is dependent on the 
heliostat’s focal ratio and variation of both the incidence angle and optical alignment angle. 
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